Abstract The aim of the study was to estimate the general and specific combining abilities (GCA and
Introduction
The strawberry is an important small fruit crop widely grown around the world. However, the vast majority of strawberry fruit production takes place in the northern hemisphere, on continents such as North America (as much as 78 %-1.4 million tonnes, mainly in the USA), Europe (1.3 million tonnes, mainly in Spain, Russia, Germany, and Poland) and Asia (800 thousand tonnes, mainly in Japan and Korea) (FAOSTAT 2014 ; data for the year 2012). Due to differences in climate and soil conditions between the different continents, there are different problems in cultivation of strawberries in each of these areas, including infection of plants with fungal and/or bacterial diseases that are of major economic importance.
In North America, strawberry plants are prone to infection by a number of pathogens including Diplocarpon earliana (Ell. & Ev.) Wolf causing leaf scorch, Mycosphaerella fragariae (Tul.) Lindau (anamorph Ramularia tulasnei Sacc., leaf spot), Dendrophoma obscurans (Ell. & Ev.) Anderson (leaf blight), Sphaerotheca macularis (Wallr.) U. Braun (syn. Podosphaera aphanis (Wallr.) U. Braun & S. Takam., powdery mildew), Gnomonia fructicola (Arnaud) Fall (leaf blotch), Colletotrichum acutatum Simmonds (strawberry black spot) and Phytophthora fragariae Hickman (red stele) (Averre et al. 2002) .
In Asia, strawberry plants are usually affected by the powdery mildew of strawberry, verticillium wilt (Verticillium dahliae Kleb.) and Phytophthora root rot (Phytophthora sp.), and in recent years also by Fusarium wilt (Fusarium oxysporum f. sp. fragariae) (Maas 2014) .
In Europe, strawberry plants are mainly infected by fungi that cause root diseases, such as: Phytophthora cactorum (Leb. & Cohn.) Schroet, P. fragariae, C. acutatum and V. dahliae, and also the fungi M. fragariae, D. earliana, and S. macularis and the bacteria Xantomonas fragariae Kennedy & King (strawberry angular leaf spot) affecting the leaves and other aboveground organs. In countries with a warm Mediterranean climate like Egypt, France, Spain, Israel and India, a serious threat is posed by Macrophomina phaseolina (Tassi) Goidanich (responsible for charcoal rot), affecting the leaves, runners, roots and the crown of strawberry plants (Maas 2014) . Of the mentioned above leaf pathogens only M. fragariae, D. earliana, and S. macularis are common in Poland. Diseases caused by these pathogenes have been observed since beginning of the second half of the 20th century, when the commercial strawberry cultivation has begun in Poland.
Chemical control of many of these diseases is expensive and often ineffective due to the limited range of available plant protection products. Moreover, in accordance with the general principles of integrated plant protection set out in Annex III to Directive 2009/128/WE, priority in the control of harmful organisms is currently given to non-chemical methods. One such method is the cultivation of cultivars that are low susceptible or resistant to economically important pathogens. Developing new cultivars that would combine good productivity, high fruit quality (size, shape, colour, glossiness, firmness, flavour, shelf-life, and the presence of health-promoting compounds) and plant tolerance to diseases is the goal of the ongoing breeding work (Simpson 2014) .
Knowledge of the breeding value (general and specific combining ability) of the parental forms used in crossbreeding programmes as well as the fundamental knowledge on the genetic determinants of the intensity of quantitative traits at the population level (Muszyński et al. 2000) accelerates and increases the likelihood of achieving the intended purpose. In crossbreeding, the use of parental forms with high general combining ability (GCA) effects (a measure of additive effects of genes -Griffing 1956a, b) for the desired functional traits allows us to expect, with high probability, that their offspring will be characterized by high values of these traits (Vieira et al. 2009 ). Conversely, knowledge of the specific combining ability (SCA) of a pair of parental forms (which is a genetic interaction of both parents as a result of nonadditive gene action (dominance and epistasis), showing in their offspring -Griffing 1956a, b) , in respect of the trait under consideration, allows for an examination of the differences between the value of the revealed trait and the value expected on the basis of the sum of GCA effects for those parental forms (Bestfleisch et al. 2014) . The quotient of the mean square deviations for GCA and SCA (S GCA 2 /S SCA 2 ) provides for the determination of which genetic effects (additive or non-additive) have a predominant share in determining a given trait in the tested progeny (Fort and Shaw 2000) .
The aim of the study was to estimate the general and specific combining ability of 13 dessert strawberry cultivars for the susceptibility of plants to the leaf diseases leaf spot, scorch and powdery mildew, and to determine the contribution of additive and non-additive effects in the genetic determination of these traits present within the gene pool under consideration.
Materials and methods

Plant material
The study was conducted at the Research Institute of Horticulture in Skierniewice, Poland, in 2011 -2013 . The experimental plants were F 1 seedlings belonging to 78 hybrid families derived from crosses in a complete diallel design (fixed model, Griffing's method IV; Griffing 1956b) of 13 dessert strawberry cultivars ('Figaro', 'Salsa', 'Palomar', 'Granda', 'Camarosa', 'Elianny', 'Aromas', 'Diamante', 'Portola', 'Charlotte', 'San Andreas', 'Monterey' and 'Albion'). Descriptions of all these parental genotypes are available (Faedi et al. 2009; Finn 1999; Masny and _ Zurawicz 2009 , 2010 , 2013 . The detailed information regarding the plant disease susceptibility of the strawberry cultivars based on these references and results of trials performed at the Research Institute of Horticulture in Skierniewice, Poland, is presented in Table 1 .
Glasshouse and field experiments
The cross-breeding programme was conducted in a glasshouse over the period from February 23 to March 29, 2011 . Plants used in experiments were grown in plastic pots having a diameter and volume of 18 cm and 3.3 L respectively. On May 9, 2011, the obtained seeds were sown into the pots filled with a 3:1 mixture of peat substrate and sand, and placed on growing benches in a glasshouse (22/18°C day/night temperature, 16 h photoperiod). Germinating seedlings were pricked out into multi-cell trays (54 cells, 7 9 7 cm each) over the period from May 26 to June 7. They were then grown under the same glasshouse conditions.
The field experiment was established with a total of 4680 seedlings randomly selected from a larger number of hybrids belonging to 78 hybrid families. Each hybrid family was represented by 60 plants (seedlings), which were different genotypes. The experiment was planted on July 11-12, 2011 in a randomized block design with four replications of 15 plants randomly placed in the plot, and spaced at 0.4 9 1.1 m. The experiment was established on mineral soil and a fawn floor of light clay with a pH of 6.5-6.8 and performed in the open field conditions. White mustard (Sinapis alba) was cultivated in four seasons as a fore crop. However, the soil was not 
Weather conditions
Over the duration of the experiment in 2011-2013, the weather conditions (including air temperature at a height of 2 m and the amount of precipitation) were recorded using an iMetos meteorological station (located about 1 km away from the field where the experiment was conducted). On the basis of these measurements, mean daily and weekly temperatures, and total precipitation were calculated.
Traits studied
All the seedlings (4680 genotypes in total) were individually assessed in terms of the severity of leaf spot, leaf scorch, and the powdery mildew of strawberry only one time-in the second half of September of the years 2011-2013. Ranking scale 0-5 was used for the leaf spot and the leaf scorch: 0 indicated healthy plants; 1-up to 1 % of leaf surface covered with spots; 2-from 1.1-5 % of leaf surface covered with spots; 3-from 5.1-20 % of leaf surface covered with spots; 4-from 20.1-50 % of leaf surface covered with spots; 5-more than 50 % of leaf surface covered with spots. For powdery mildew, 0-determined healthy plants; 1-traces of leaf infection (up to 10 % of leaf surface with symptoms of powdery mildew); 2-clearly evident infection on the leaves (10.1-20 % leaf surface with symptoms of powdery mildew); 3-leaves beginning to curl (20.1-50 % leaf surface with symptoms of powdery mildew); 4-leaves curling up (50.1-80 % leaf surface with symptoms of powdery mildew); 5-infection of the whole plant (more than 80 % of damage caused by powdery mildew).
Statistical analysis
A two-stage analysis of both single-year and combined data (across the three test years) was performed for all the evaluated traits (Garretsen and Keuls 1978; Zhang et al. 2005; Möhring and Piepho 2009) . In the first stage, the SAS PROC MIXED procedure (SAS Institute 2000) was used to perform the analysis of variance assuming the hybrid families to be a fixed factor, while the blocks were the random factor (Möhring and Piepho 2009) . After finding significant variation for the studied traits among the hybrid families, the second stage involved performing a fixed model-based diallel analysis of variance of family means (calculated across replications) together with estimating GCA and SCA effects as outlined by Griffing (1956b) for single-year data and Zhang et al. (2005) for the combined data from a half-diallel complete mating design with parents treated as a fixed factor (Method IV, Model 1). Further valuable methodological background and justification for these analyses is presented by Baker (1978) and their empirical use for fruit crops is illustrated, for example, by Giménez and Ballington (2002) and Dossett et al. (2008) .
The relative importance of GCA and SCA was estimated using the general predicted ratio (GPR) for the traits observed as follows: GCA/ SCA = (2MS GCA )/(2MS GCA ? MS SCA ) (Baker 1978) . This diallel analysis was conducted using the SAS PROC GLM procedure (SAS Institute 2000) . A detailed analysis of the significance of the GCA and SCA effects was made using a simultaneous test procedure based on the Bonferroni inequality (Garretsen and Keuls 1978) .
Results
Weather conditions
The mean daily and weekly temperatures as well as the total precipitation varied considerably during the vegetation period in the different years of the study (Figs. 1, 2) .
The highest rainfall (505 mm) in the period from the beginning of April to the end of October was recorded in the 2011 season. The rainiest month of that year was July; from July 1 to 28 the total rainfall was 157.4 mm. Abundant rainfall was also recorded in the period from April 22 to 28 (43.2 mm), from June 3 to 9 (65.0 mm), and from August 5 to 11 (40.2 mm). By contrast, the months of September and October 2011 were unusually dry-the total rainfall recorded for this period was only 21.6 mm. The 2011 season was also moderately warm; the mean temperature for each week, from May 20 until September 15 ranged from 15.0 to 20.3°C.
The 2012 season was quite poor in precipitationfrom April 1 till October 31 a total of 296.8 mm of rain was recorded. The highest rainfall was recorded in the period from July 1 to 7 (42.2 mm) and from August 5 to 11 (31.6 mm). The least rainfall (14.0 mm) was recorded between April 22 and May 26. The year 2012 was marked by a considerably higher mean weekly temperature in July, (reaching up to 25°C for July 1-7) compared with the previous season. The maximum temperature during this period exceeded 30°C.
The 2013 season was moderately abundant in rainfall (from April 1 to October 31 a total rainfall of 431.4 mm was recorded). The most rainfall came in the last days of May and the first ten days of June-a total of 153.4 mm. The month of July and the first half of August were the hottest and dry. In the period from July 1 to August 18, only 19.2 mm of rainfall was recorded, while the mean temperature over that period was 20.3°C.
Phenotypic analysis of hybrid families
The study showed significant variation in the severity of leaf diseases within the tested hybrid families. Minor symptoms (Table 2) were observed only in the case of the leaf spot. The mean severity of the disease in different seasons ranged from 0.006 to 0.013 (on a 0-5 point scale) and therefore was very low. In the 2011 season, slightly higher severity of the disease, compared with the average infection of the seedlings in the test population of hybrid families, was observed on the seedlings of 'Aromas' 9 'Monterey', but the differences were not statistically significant. In 2012, single spots, indicating slight infection of plants by M. fragariae, were found on seedlings of 21 hybrid families. Significantly more affected (P \ 0.01) by this pathogen, compared with the average for all the hybrid families, were seedlings from the families 'Aromas' 9 'Charlotte', 'Aromas' 9 'San Andreas', 'Diamante' 9 'Figaro', 'Portola' 9 'Albion', 'Charlotte' 9 'Palomar', 'Charlotte' 9 'Elianny', 'Monterey' 9 'Albion', 'Monterey' 9 'Elianny', 'Albion' 9 'Palomar', 'Albion' 9 'Camarosa' and 'Figaro' 9 'Elianny'.
By comparison, in 2013, significantly higher severity of the leaf spot, compared with the average infection of the seedlings in the test population, was found in the seedlings of the families 'Aromas' 9 'Monterey', 'Portola' 9 'Albion' and 'Charlotte' 9 'Elianny'. In summary, on average significantly more severe infection of the leaves with M. fragariae for 2011-2013, was found for seedlings of the families 'Aromas' 9 'Portola', 'Aromas' 9 'Monterey', 'Portola' 9 'Albion', 'Charlotte' 9 'Palomar' and 'Charlotte' 9 'Elianny'. Moreover, in the case of hybrids belonging to the listed families, highly significant genotypes 9 years (G 9 Y) interaction was estimated ( Table 2) .
The severity of the leaf scorch in 2011-2013 was much higher than of the leaf spot and the powdery mildew ( Table 2 ). The average severity of the disease on strawberry plants of all the hybrid families in the years 2011, 2012 and 2013 was 1.74, 1.46 and 1.54, respectively. The most symptoms of this disease, among all the tested seedlings, were found on the plants belonging to the families 'Monterey' 9 'Elianny' and 'Aromas' 9 Monterey'. The average severity of the leaf scorch obtained for these families was 2.61-2.76.
The mildest infection of leaves by D. earliana (0.71 to 0.89 points lower compared with the average infection of all the hybrids in the test population; P \ 0.01) was observed on seedlings of the families 'Charlotte' 9 'Figaro', 'San Andreas' 9 'Camarosa', 'Salsa' 9 'Palomar', 'Palomar' 9 'Camarosa' and 'Salsa' 9 'Elianny'. In 2012, the most symptoms of the disease (P \ 0.01) were found on hybrid plants belonging to the families 'Monterey' 9 'Elianny', 'Albion' 9 'Camarosa', 'Diamante' 9 'Portola', 'Monterey' 9 'Figaro', 'Aromas' 9 'Portola' and 'Salsa' 9 'Granda' (0.61-0.87 points higher compared with the average for the entire test population of hybrids).
Significantly lower (P \ 0.01) than the overall average (estimated for the entire population of hybrids) was the severity of leaf infection by D. earliana of seedlings of the families 'Aromas' 9 'Granda', 'Aromas' 9 'Elianny', 'Diamante' 9 'Salsa', 'San Andreas' 9 'Palomar' and 'Granda' 9 'Elianny' (score 0.60-1.06 points lower than the average for all the hybrid families). In 2013, as in 2012, the most symptoms of leaf infection by D. earliana were found on seedlings of 'Monterey' 9 'Elianny' and 'Albion' 9 'Camarosa', followed by 'Diamante' 9 'Portola', 'Monterey' 9 'Figaro', 'Aromas' 9 'Portola' and 'Salsa' 9 'Granda' (0.6-0.84 points higher than the overall average; P \ 0.01).
Significantly lowest severity of leaf scorch (P \ 0.01) was observed on seedlings of the family 'San Andreas' 9 'Palomar', followed by 'Diamante' 9 'Salsa', 'Aromas' 9 'Elianny', 'Aromas' 9 'Granda', 'San Andreas' 9 'Figaro', 'Aromas' 9 'Palomar', 'Camarosa' 9 'Elianny' and 'Granda' 9 'Elianny' (score 0.60-1.13 points lower than the average estimated for the entire population of hybrids).
The average severity of leaf infection by D. earliana in all the seedlings belonging to the 78 hybrid families was 1.58 for the three years of observations. Significantly higher values (by 0.43-0.91 points; P \ 0.01), compared with this average, were obtained for nine hybrid families: Table 2 Comparisons between means for 78 sibling-families from a half-diallel mating design among 13 dessert strawberry cultivars and the general mean for the severity of 'Aromas' 9 'Diamante', 'Aromas' 9 'Portola', 'Diamante' 9 'Portola', 'Diamante' 9 'Charlotte', 'Portola' 9 'Monterey', 'Monterey' 9 'Figaro', 'Monterey' 9 'Camarosa', 'Monterey' 9 'Elianny' and 'Albion' 9 'Camarosa'. Significantly lower values for this trait (by 0.43-0.81 points; P \ 0.01) were estimated for seedlings of the following families: 'Aromas' 9 'Granda', 'Aromas' 9 'Elianny', 'Diamante' 9 'Salsa', 'San Andreas' 9 'Figaro', 'San Andreas' 9 'Palomar', 'San Andreas' 9 'Camarosa', 'Figaro' 9 'Camarosa', 'Figaro' 9 'Elianny' and 'Granda' 9 'Elianny'.
In plants infected by D. earliana, the G 9 Y interaction for most hybrid families was close to zero. However, for hybrid families such as 'Aromas' 9 'Palomar', 'Aromas' 9 'Granda', Aromas' 9 'Elianny', 'Diamante' 9 'Salsa', 'Charlotte' 9 'Figaro', 'San Andreas' 9 'Palomar', 'Salsa' 9 'Palomar', 'Salsa' 9 'Granda' and 'Palomar' 9 'Camarosa', the G 9 Y interaction was significant (P \ 0.05).
In 2011-2013, the severity of leaf infection of seedlings by S. macularis, estimated for the entire population of the hybrids tested, was low (0.02, 0.65 and 0.65 in 2011, 2012 and 2013, respectively, with an average of 0.44 on a 0-5 scale, Table 2 ). This means that the lowest severity of leaf infection by S. macularis of all the tested hybrids was recorded in 2011. The highest severity of powdery mildew, significantly different from the average for all the hybrids tested (score of 0.12; P \ 0.01), was observed on the leaves of seedlings belonging to two hybrid families:
'Aromas' 9 'Portola' and 'San Andreas' 9 'Camarosa'. No symptoms of the disease were found on plants belonging to 43 families.
In 2012, fairly extensive symptoms of powdery mildew (2.18-3.43 points higher than the average for all the hybrid families; P \ 0.01) were observed on the leaves of seedlings belonging to the families: 'Aromas' 9 'Elianny', 'Camarosa' 9 'Elianny', 'San Andreas' 9 'Camarosa' and 'Albion' 9 'Figaro'. Also in the case of nine other families, the severity of infection of the seedlings was estimated to be significantly higher (by 0.18-1.89 points; P \ 0.01) compared with the average for the entire population. Plants of three families ('Aromas' 9 'Portola', 'Diamante' 9 'Salsa' and 'Portola' 9 'Elianny') exhibited no symptoms of infection.
In 2013, alike in 2012, the most affected by S. macularis were hybrids of the families: 'Aromas' 9 'Elianny', 'Camarosa' 9 'Elianny', 'San Andreas' 9 'Camarosa' and 'Albion' 9 'Figaro' (scores by 3.09, 2.47, 2.11 and 2.01 points higher, respectively, compared with the average for the population; P \ 0.01). Hybrids of two families, 'Diamante' 9 'Salsa' and 'Portola' 9 'Elianny', did not show any signs of infection.
For the years 2011-2013, on average, the most extensive symptoms of leaf infection with powdery mildew were observed in seedlings of the hybrid families:
'Aromas' 9 'Elianny', 'Camarosa' 9 'Elianny', 'San Andreas' 9 'Camarosa' and 'Albion' 9 'Figaro' (higher by 2.18, 1.63, 1.52 and 1.39 points, respectively, compared with the average for the entire population of hybrids; P \ 0.01). Significantly higher severity of leaf infection (by 0.21-1.24 points), with respect to the average for all the hybrid families, was also shown by eight other hybrid families. In the hybrids 'Portola' 9 'Elianny', no symptoms of leaf infection were found in any of the three years of the study (Table 2 ). In 39 of the 78 hybrid families tested, significant G 9 Y interactions were found.
Analysis of variance
The analysis of variance of the experimental data showed significant variation (P \ 0.01) in the GCA and SCA effects of the tested parental genotypes (G) of strawberry, as well as in their interaction with the years of the study (Y) for all of the traits analyzed (Table 3) . The values of the general predicted ratio (GPR) for the GCA and SCA effects, defining the relative importance of additive and non-additive effects in the inheritance of the susceptibility of plants to fungal diseases of leaves in the gene pool studied, were: 0.16 for leaf spot, 0.41 for leaf scorch, and 0.19 for the powdery mildew of strawberry.
GCA analysis
Estimates of GCA effects of the parental forms of strawberry in terms of plant infection by M. fragariae, D. earliana and S. macularis are provided in Table 4 . The negative and positive values of GCA effects indicate high plant resistance and high susceptibility to these diseases respectively. With the exception of the 2011 field season, significant GCA effects were observed with the three leaf diseases examined in this study. Only for the severity of the leaf spot, all the GCA effects estimated in 2011, were not statistically significant, and their values were close to zero. The statistically proven GCA effects for the tested parental genotypes in relation to that trait were obtained generally only in one year of the study (less often in two years) and also for the overall average for the three years of the study. Significantly positive values (P \ 0.01) of GCA effects were estimated for the varieties 'Charlotte' and 'Elianny' in 2012 and 2013, as well as for 'Albion' in 2012. These cultivars also exhibited significantly positive GCA effects for the average severity of plant infection during the three years of research. At the same time, highly significant GCA 9 years interaction was estimated for these genotypes. Significantly negative values of the GCA effects (P \ 0.01) were estimated only in 2012 for the following varieties: 'Diamante', 'San Andreas', 'Figaro', 'Salsa', Granda' and 'Camarosa'.
Statistically GCA effects for the severity of the leaf scorch in each of the three years of the study as well as for the three-year average were estimated for two parental genotypes. For 'Monterey', these effects had a positive sign, whereas for the variety 'Figaro' they were negative (P \ 0.01). Significantly positive values (P \ 0.01) of the GCA effects for this trait were also obtained for the varieties 'Portola' and 'Charlotte' (in 2012 and 2013, and for the three-year average), 'Diamante' (in 2011 and for the three-year average), and 'Aromas' (in 2011). Significantly negative GCA effects for the severity of leaf scorch were estimated for the cultivars 'San Andreas' (P \ 0.01) and 'Granda' (P \ 0.05) in two seasons, and for 'Palomar' (P \ 0.01) in one year. All these genotypes and additionally 'Salsa', showed statistically proven negative GCA effects for the average values of the severity of this disease across the three years of research.
Statistically significant (P \ 0.01) effects of GCA for the severity of the powdery mildew, estimated in at least two out of the three years of the study, as well as for the three-year average, were found for nine parental genotypes. For the cultivars 'Aromas', 'Figaro', 'Granda', 'Camarosa' and 'Elianny', the values GCA general combining ability, SCA specific combining ability, GPR general predicted ratio: GCA/SCA = (2MS GCA )/ (2MS GCA ? MS SCA ) a Severity of plant infection with leaf spot and leaf scorch evaluated on a 0-5 ranking scale, where 0 healthy plants (no spots), 1 below 1 % of leaf surface covered with spots, 2 1-5 % of leaf surface covered with spots, 3 5-20 % of leaf surface covered with spots, 4 20-50 % of leaf surface covered with spots, 5 more than 50 % of leaf surface covered with spots b Severity of plant infection with powdery mildew evaluated on a 0-5 ranking scale, where 0 healthy plants (no symptoms), 1 slight leaf infection (1-10 % of leaf surface with symptoms of powdery mildew infection), 2 10-20 % of leaf surface with symptoms of powdery mildew infection, 3 20-50 % of of leaf surface with symptoms of powdery mildew infection (leaves beginning to curl up), 4 50-80 % of leaf surface with symptoms of powdery mildew infection (leaves curling up), 5 more than 80 % of damage caused by powdery mildew (infection of whole plant) *, ** Significant differences of GCA or SCA effects at P \ 0.05 or P \ 0.01, respectively, as based on F test Euphytica (2016) 210:341-366 353 Table 4 Estimates of GCA effects for the severity of plant infection with leaf spot, leaf scorch and powdery mildew for 13 dessert strawberry cultivars obtained from testing the (Garretsen and Keuls 1978) of GCA effects were positive. Significantly negative values of GCA effects for this trait were estimated for the cultivars: 'Diamante', 'Portola', 'Charlotte' and 'Monterey ' (for 2012 and 2013, and the 2011-2013 average; P \ 0.01), as well as 'Salsa' (for 2013 and the 2011-2013 average; P \ 0.05). For these cultivars, with exception for 'Aromas' and 'Salsa', the estimated GCA 9 years interaction was highly significant.
SCA analysis
The results of the estimated SCA effects of the crossed parental forms of strawberry for the severity of plant infection by M. fragariae, D. earliana and S. macularis are provided in Table 5 . The negative and positive SCA values indicate high plant resistance and high susceptibility to these diseases respectively. For some hybrid families, the agreement between the values of SCA effects in the individual years of observations was low, which was confirmed statistically by estimating a significant SCA 9 years interaction.
With regard to the leaf spot, the most (i.e. as many as 39) significant (P \ 0.01) SCA effects were observed in 2012 (Table 5 ). These effects produced positive values for 15 families. The highest were for the families: 'Charlotte' 9 'Elianny' and 'Portola' 9 'Albion'. Significantly negative SCA effects were shown by 24 hybrid families: 'Aromas' 9 'Portola', 'Aromas' 9 'Albion', 'Aromas' 9 'Elianny', 'Diamante' 9 'Charlotte', 'Diamante' 9 'Albion', 'Diamante' 9 'Elianny', 'Portola' 9 'Charlotte', 'Portola' 9 'Monterey', 'Portola' 9 'Palomar', 'Portola' 9 'Elianny', 'Charlotte' 9 'San Andreas', 'Charlotte' 9 'Albion', 'Charlotte' 9 'Figaro', 'Charlotte' 9 'Salsa', 'Charlotte' 9 'Granda', 'Charlotte' 9 'Camarosa', 'San Andreas' 9 'Albion', 'San Andreas' 9 'Elianny', 'Albion' 9 'Figaro', 'Albion' 9 'Granda', 'Albion' 9 'Elianny', 'Salsa' 9 'Elianny', 'Palomar' 9 'Elianny' and 'Camarosa' 9 'Elianny'.
In 2013, significant leaf spot SCA effects were found for only three families: 'Aromas' 9 'Monterey', 'Portola' 9 'Albion' and 'Charlotte' 9 'Elianny'. All of these SCA effects were positive. In 2011, the SCA effects for all of the hybrid families were not significant and close to zero. SCA effects significantly different from zero, as estimated on the basis of the average severity of leaf spot (mean score for 2011-2013), were found for nine hybrid families (Table 5 ). These effects produced positive values for the following families: 'Aromas' 9 'Monterey', 'Portola' 9 'Albion', 'Charlotte' 9 'Elianny', 'Diamante' 9 'Figaro', 'Charlotte' 9 'Palomar' and 'Salsa' 9 'Granda'. Significantly negative effects of SCA were obtained for three hybrid families: 'Aromas' 9 'Elianny', 'Portola' 9 'Charlotte' and 'Charlotte' 9 'Albion'. Moreover, the SCA x years interaction for these hybrid families was not significant and close to zero.
For the severity of plant infection by D. earliana, statistically proven SCA effects for the tested parental genotypes were obtained in two years of the study (2012 and 2013) , as well as for the average for the three years of the study (Table 5 ). In 2011, there were only two SCA effects with values significantly different from zero. Both effects were positive and obtained for the hybrid families 'Monterey' 9 'Elianny' and 'Albion' 9 'Palomar'.
Significantly positive (P \ 0.05) SCA effects in 2012-2013, and also on average across all the years of the study, were estimated for the following hybrid families: 'Portola' 9 'San Andreas', 'Monterey' 9 'Figaro', 'Monterey' 9 'Elianny', 'Albion' 9 'Camarosa' and 'Salsa' 9 'Granda', as well as 'Aromas' 9 'Portola' (significantly positive SCA effects for 2012 and 2013, but not for the three-year average). Significantly negative SCA values, estimated in at least two years and on the basis of the mean scores for the three years of the study, were apparent with the following hybrid families:
'Aromas' 9 'Granda', 'Aromas' 9 'Elianny', 'Diamante' 9 'Salsa', 'Portola' 9 'Albion' and 'San Andreas' 9 'Palomar'. At the same time, the families 'Aromas' 9 'Granda', 'Aromas' 9 'Elianny' oraz 'Portola' 9 'Albion' showed no SCA 9 years correlation, while the other two hybrid families ('Diamante' 9 'Salsa' and 'San Andreas' 9 'Palomar') showed a significant SCA 9 years interaction.
The severity of the powdery mildew was a trait for which the most statistically proven SCA effects were estimated in 2012-2013 (Table 5) . As many as 45 statistically proven (P \ 0.05) SCA effects were observed in 2012 and for the 2011-2013 average, of which 43 and 44 effects were highly significant (P \ 0.01). In 2013, SCA effects with values significantly different from zero (P \ 0.05) were found for Table 5 Estimates of SCA effects for the severity of plant infection with leaf spot, leaf scorch and powdery mildew for 78 sibling families from a half-diallel mating design recorded. It is considered, that the optimum conditions for M. fragariae infection and rapid appearance of the characteristic spots on strawberry leaves are high air humidity and temperature in the range 20-25°C occurring at the same time (Howard et al. 1985 , Carisse et al. 2000 . Carisse et al. (2000) had observed germination of up to 92 % of spores of the fungus M. fragariae at 25°C, while at 5, 15 and 35°C the spore germination percentage was 15, 40 and 2 %, respectively. According to these authors, the described spore germination can only occur under high levels of moisture on the leaves, persisting for at least 12 h. In our study, we found that all the hybrids with no visible symptoms of plant infection by M. fragariae had been derived from the cultivars 'Diamante', 'San Andreas', 'Figaro', 'Salsa', 'Granda' and 'Camarosa'. Our previous studies _ Zurawicz 2009, 2010) , had confirmed the high resistance of the cultivars 'Figaro', 'Salsa' and 'Camarosa' against this pathogen in the climatic conditions of central Poland. The low susceptibility of 'Diamante' and 'San Andreas' plants to M. fragariae had also been reported by Finn (1999) and Lewers (2010) , as well as Kupczak (2013) and Masny and _ Zurawicz (2013) . The significantly negative values of general combining ability effects estimated for these parental forms for the severity of leaf infection by M. fragariae confirm the high value of these cultivars as donors of the trait of high resistance to this pathogen.
The infection of the tested strawberry hybrids by D. earliana was significantly more severe than by M. fragariae or S. macularis. Numerous irregular, purplish or brownish blotches, 1-5 mm in diameter, characteristic to this disease (Maas 1998) , were observed on the leaves of all the seedlings. The average severity of plant infection, estimated for all the hybrid families, was 1.74, 1.46 and 1.54 in 2011, 2012 and 2013, respectively. At the same time, the genotypes 9 years interaction was close to zero for most families, meaning that in all the years of the study these genotypes were affected by D. earliana to a similar degree, regardless of the prevailing weather conditions. However, despite the report by Howard et al. (1985) , indicating that leaf scorch develops regardless of weather conditions and its severity depends entirely on the susceptibility of the genotype, the most extensive symptoms of the disease were observed in 2011. Presumably, this was a result of more abundant, and more regular rainfall (compared with the subsequent years of the study), which was conducive to the spread of fungal spores and resulting infection (Bielenin et al. 1998) . Indeed, it has been proven that the development of the leaf scorch is inhibited not only under drought conditions but also at high (above 35°C) and low (below -4°C) temperatures (Maas 1998 ). Despite such a wide temperature range for D. earliana development, the most optimal temperature for conidial germination, growth and sporulation is a temperature range of 20-25°C (Dhanvantari 1967) . In contrast to M. fragariae, which affects young developing leaves (Carisse et al. 2000) , D. earliana infects mainly older leaves (Zheng and Sutton 1994) , often causing them to wither away all at once, sometimes even before harvest. These results in a reduction of the number of lateral crowns being produced and in their growth vigour, also drastically reducing the marketable fruit yield in the next growing season (Maas 1998) . According to the cited author, a marketable yield in the varieties that are moderately or very susceptible to D. earliana can be reduced by 34 and 57 %, respectively. Studies conducted by Mutisya et al. (2005a) on the susceptible cultivars 'Kent', 'Jewel' and 'Blomidon' had decreases in marketable yield of 25, 23 and 21 %, respectively. This was a result of the reduction in the number of lateral crowns produced by the infected plants. There was no effect of the severity of plant infection on the number of inflorescences per crown or fruits per inflorescence, nor on the average berry weight (Mutisya et al. 2005a, b) . Heavily infected plants are also very sensitive to low (freezing) and high temperatures and drought resulting in high mortality (Maas 1998) .
In our study, relatively low susceptibility to D. earliana was shown by the F 1 hybrids derived from the varieties 'San Andreas', 'Figaro', 'Palomar' and 'Granda'. All of these genotypes had statistically significant, negative GCA effects for at least one season of observations and for the average score of the severity of plant infection by this pathogen over three years. These cultivars can therefore be widely used in breeding programmes aimed at developing new varieties resistant or low susceptible to the leaf scorch. No GCA 9 years interaction for these varieties is an additional advantage since it allows us to expect that their progeny will exhibit high stability in terms of resistance to this disease. For the crossing combinations of 'San Andreas' and 'Palomar', with statistically significant negative GCA effects for plant infection by D. earliana, significantly negative SCA effects were also estimated, and one should therefore expect the productivity of the derived hybrids to be significantly higher than what would appear from the sum of the GCA effects for their parental forms.
Although the severity of leaf infection by S. macularis of the tested strawberry seedlings was low, it varied and was, on average, 0.02, 0.65 and 0.65 in 2011, 2012 and 2013, respectively. Lowest powdery mildew pressures were observed in 2011 with the hydrids examined. At the same time, many genotypes 9 years interactions were found within the studied gene pool. This illustrates that weather conditions in a given growing season have a strong influence on the severity of infection with the powdery mildew of strawberry. Research shows that mycelia develop and survive in green tissue under all conditions, and sporulate at 5-30°C (Miller et al. 2003) . The optimal germination, growth of S. macularis conidia, and infection occurs at15-25°C and humidity at 75-98 % (Amsalem et al. 2006 , Santos et al. 2003 . Under such conditions, the first disease symptoms will appear 4 days after infection. Then, on the lower leaf surface, white patches of mycelium develop, which enlarge and coalesce to cover the entire lower surface (Maas 1998) . The leaf edges roll upward, exposing the white, powdery fungal growth. Leaf petioles, flower trusses, flowers, and fruit may also be affected by this pathogen. Severe foliar infection reduces photosynthesis (Maas 1998) , which weakens plant growth and reduces fruit yield (Bielenin et al. 1998 , Santos et al. 2003 . Therefore, according to Nelson et al. (1995) , strawberry crop losses due to powdery mildew can be as high as 60 %.
Our three-year study showed the absence of any symptoms of infection by S. macularis of plants of the 'Portola' 9 'Elianny' hybrids. However, the analysis of general combining ability for both these parental forms showed that only cultivar 'Portola' had the GCA effect for this trait with a statistically proven negative value (indicating low susceptibility to S. macularis), whereas the estimated GCA effect for 'Elianny' was significantly positive. This means that of these two cultivars only 'Portola' should be used in breeding as a donor of resistance or low susceptibility to powdery mildew. Despite the above, the genetic interaction of these two parental genotypes determines low susceptibility of the hybrids to the powdery mildew, as indicated by the significantly negative value of the SCA effect. From the descriptions of the two cultivars, available in the literature, it is known that both 'Portola' (Lewers 2012) and 'Elianny' (Masny and _ Zurawicz 2010) are considered to be moderately susceptible to the powdery mildew of strawberry. Among the evaluated cultivars, significantly negative values of GCA effects, and therefore high usefulness for breeding aimed at obtaining varieties low susceptible to powdery mildew, were also shown by 'Diamante', 'Charlotte', 'Monterey' and 'Salsa'.
Conclusions
Resistance/low susceptibility of strawberry plants to diseases of leaves is determined by both additive and non-additive genetic effects. In the inheritance of resistance/low susceptibility to the leaf spot and the powdery mildew of strawberry, non-additive effects are critical.
The assessed cultivars have different usefulness as potential parental forms for breeding new varieties with higher resistance to fungal diseases of leaves. The most useful for breeding varieties resistant/low susceptible to the leaf spot are: 'Diamante', 'San Andreas', 'Figaro', 'Salsa', 'Granda' and 'Camarosa'; to the leaf scorch 'Figaro', 'San Andreas', 'Palomar', 'Granda' and 'Salsa'; and to the powdery mildew of strawberry: 'Diamante', 'Salsa', 'Portola', 'Charlotte' and 'Monterey'. The least useful for resistance breeding are 'Aromas' and 'Elianny' because of their ability to pass on to their progeny high susceptibility to S. macularis, and in the case of 'Elianny'-also to M. fragariae.
High usefulness for resistance breeding of new varieties was illustrated by the combination 'Aromas' 9 'Elianny', which has significantly negative SCA effects for the susceptibility of plants to leaf spot and leaf scorch, providing evidence of an interaction of the two parental genotypes in the creation of varieties that are resistant/low susceptible to these diseases.
